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4x4 MIMO Experimental Test-bed using COTS at ISM Band
Ryan Spring, Liming Zhou, Nikhil Gogate, and Afshin S. Daryoush
Department ofECE, Drexel University, Philadelphia, PA 19104, USA
Abstract -This paper presents the implementation of a 4x4
multiple input multiple output (MIMO) test-bed that is
employed for channel characterization using virtual MIMO
indoor channel sounding technique. The 4x4 MIMO operates
at ISM frequency of 2.45GHz with 5MHz of bandwidth using
low cost commercially available off-the-shelf components
(COTS). The system benefits from direct conversion
transceiver units, reported before. Channel propagation
measurements were performed in a rich multi-path
environment by employing a virtual MIMO indoor wireless
channel sounding as well as a direction of arrival (DOA)
estimation algorithms. The channel sounding technique
employs sequential switching of 1x4 Single Input Multiple
Output (SIMO) channels to realize a virtual 4x4 MIMO
experiments in a stationary channel environment. A hardware
calibration method is also developed as a critical part of the
MIMO evaluation. The DOA experiment, which employs a
linear four-element patch antenna array at the receiver and a
single patch antenna at the transmitter, provides a maximum
of 15 degrees offset using Bartlett algorithm. The measured
channel response matrix is also verified through comparison
with other published results.
Index Terms - Ad-hoc network, AOA, Channel Capacity,
Channel Sounding, MIMO Testbed, Virtual MIMO.
the algorithm used by [3]. In our approach the virtual 4x4
MIMO system is constructed from four lx4 static SIMO
channels as opposed to 16 static SISO channels. This
particular scheme with the centralized LO enables us to
simplify the calibration and measurements significantly
compared to other virtual channels sounding schemes [4].
Moreover, a software-based technique for phase and
magnitude imbalance extraction is implemented and used in
post data processing to calibrate out the imbalance that exist
between the individual transceivers of the RF MIMO
system. Finally, a simple direction of arrival experiment
using a linear four-element patch antenna array is performed
in order to verify the integrity of the hardware, the
calibration, and the algorithms developed.
I. INTRODUCTION
Emerging Multiple Input Multiple Output (MIMO)
technology offers a cost-effective avenue to reach higher
data rates for voice, data, and other multi-media applications
in the next generation of wireless communication systems
depicted in Fig. 1. For many years after the introduction of
MIMO, researchers and innovators have published
numerous valuable ideas in improving spectral efficiency,
power transmission efficiency, interference reduction, etc.,
using MIMO systems [1], particularly on indoor WLANs.
However, MIMO experimental test beds are required to
evaluate effectiveness of proposed algorithms under various
channel environments. Commercially available MIMO test-
beds are not quite affordable (e.g., $140k plus for LitePoint
IQ2x2 MIMO Test System excluding licenses and add-ons)
and various research groups are in need of cost-effective
robust alternatives.
We have reported [2] a COTS-based 4x4 MIMO at ISM
frequency band as a viable alternative solution, as shown in
Fig. 2. The system is designed to operate at 2.45GHz with
5.0MHz of bandwidth and capable of a maximum range of
100 meters with the minimum SNR specified by the ADC
and a maximum timing jitter of 7.Ops rms.
In this paper we now present the implementation of a
virtual MIMO channel sounding algorithm that is based on
Fig. 1. Conceptual presentation of the next generation wireless
communication networks using ad-hoc network.
Fig. 2. Block diagram of a 4x4 RF MIMO system showing the
antenna, the transceiver unit, the phase locked loop unit, and the
power supply.
II. SIGNALING AND CALIBRATION TECHNIQUE
A method is identified for capturing the relative phase and
attenuation seen by each pair of TX-RX antenna, where
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signal propagation model from the transmitter to the
receiver is employed to mathematically extract the complex
gain information of the channel. This model will not be
presented here; however, the results of the findings are used
to develop the algorithms similar to what is implemented in
[3]. A major simplification from N orthogonal codes to a
single code sequence are due to the fact that only one
transmitter is active at any point in time.
The baseband signal is a small burst of trigger bits to start
the A/D data collection, followed by a burst of known
pseudo-random code sequence that will contain the vital
information about the channel. This BPSK baseband signal
will be transmitted in continuous repetition by each transmit
antenna at 2.4514GHz in a time division multiplexing
(TDM) fashion and received by all four transceivers in
every transmission. The idea is to use the receiving data
signal from one of the antennas as the reference signal and
make the relative amplitude and phase measurements from
the remaining antennas on the first block of code sequence.
(Note, it is not necessary to be the first code block either).
This method requires an algorithm to detect the starting
sample of the nth code block. Moreover, we have
experimentally observed that the IF frequency has to be
detected to within 100Hz offset. However, before measuring
the relative complex amplitude of each antenna, the
amplitude and phase imbalance of the transceiver boards are
to be calibrated out.
Calibrating the measurement equipment is a very
common practice since there are always imperfections in the
hardware. In particular, the phase and gain imbalance
between transceivers must be cancelled out in the signal
processing. A calibration algorithm is implemented for this
purpose and Fig. 3 shows the calibration set-up, where the
signaling technique described previously is generated and
'identically' divided to each transceiver using a lx4 power
divider.
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Fig. 3. Transceiver calibration set-up.
The phase and gain imbalance, starting at the port of the
antenna to the I/0 port, will be measured and a complex
weight will be generated for each transceiver with respect to
one reference transceiver. These weights will be used to
calibrate out any relative imbalance from the measurements.
Note that the power divider imbalance should also be
incorporated in the calibration scheme.
III. VIRTUAL MIMO ALGORITHM
The basic idea of this algorithm is to extract the relative
magnitude and phase response of a static channel, with
respect to a reference level, using a maximum likelihood
estimation approach. The theoretical background is similar
to [3], however, modifications are necessary to fit the virtual
MIMO conditions. The received narrow band signal of the
minh receiver antenna for a MIMO channel with N
transmitters is modeled as [3]:
N
Ym(k) = EAmnPn (k-kn )cos(Act* + Qk + 8mn )+n(k)
n=1
where the amplitude and phase of the channel response is
represented by A. and O., respectively. The term Awo is
the detected IF frequency, Pk is the randomly varying carrier
phase, and n(k) is AWGN. The received signal also carries
N orthogonal BPSK codes, Pn, for each of the N
transmitters. In our virtual MIMO experiments, N is always
equal to one since only a single transmitter is actively
transmitting at any one time. One unique feature of a
centralized LO is that any random carrier phase change will
appear on every transceiver; hence, any fluctuation of the
LO phase will not affect the relative channel response so Pk
is set to zero. We then minimize the expression by setting
its partial derivatives to zero and solving forA, andAm
[3].
codelength-1
Tm = (ym(k)k-um(k))2
k=startcode
Ym (k) = Pn (k-kn){A- cos(Acok)-A' sin(A/*)}
This selected approach reduces the computation
complexity of solving four times 4x4 matrix due to
simultaneous contribution from 4x4 MIMO to the problem
of solving four times 2x2 independent matrix equations for
every transmitter.
IV. DIRECTION OF ARRIVAL EXPERIMENT
As part of the calibration test, a direction of arrival
experiment was conducted in a zone devoid of any WLAN
interference from the Drexel's "Dragon Fly". The floor
plan of experimental zone is presented in Fig. 4, where each
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test location is numerically indicated. The DOA experiment
will be in a LOS scenario where it is assumed that only the
line of sight ray is impinging at the receiver array. (A more
ideal environment for this experiment would have been
inside an Anechoic Chamber.)
The lx4 receiving patch array is fixed on location#2,
whereas the single patch transmit antenna is placed at
locations #6, #9, #10, and #1 1. The normal to the plane of
the receiving array is always perpendicular to the wall and
the normal to the plane of the transmitting antenna is always
parallel to the line of sight. Both antennas are also placed
on the same height. Fig. 5 depicts comparison of the results
of the AOA measurement using Bartlett algorithm [5] for
three cases of ideal case (no multi-path), without calibration,
and with calibration.
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Fig. 5. Direction of arrival measurement results using Bartlett
algorithm at four different locations and angles (a-d). The green
plot represents the ideal case (no multi-path), the red plot
represents the calibrated measured data, and the black plot
represents the un-calibrated measured data.
Fig. 4. Floor plan of the mult-path rich indoor zone with each
locations marked by numbers. The red triangles approximate the
HPBW of the single patch antenna.
Spatial Spectrum for Direction of Arrival @ 99.1 degrees
Calibrated
- Uncalibrated
Ideal
E
< 180
hlI
DO
(b) Loc.#9
=90
(a) Loc.#6
=99
Spatial Spectrum for Direction of Arrival @ 90 degrees
90 Calibrated
120~ ~ ~ 6 Uncalibrated
068 Ideal
150 30
180 0
24 00
270
DOA, degrees
The accuracy of the results depends on the array
topology, the number of receiving elements, number of
incoming rays, and the separation between elements. Since
it is not possible to have control over all these parameters,
the results of ideal cases (i.e. no multi-path) were plotted to
gain insight on how accurate a lx4 array with 1/2 wavelength
separation would be and compare them with the estimated
AOA using calibrated and un-calibrated cases. For the
cases other than 0=820, the data from measurements
showed large deviations. This may be due to the fact that
there are strong reflected rays caused by the obstacles (i.e.,
columns) in the zone. At any rate the results of calibrated
are closer to the ideal case.
V. VIRTUAL MIMO EXPERIMENT
The set-up of this experiment is such that the transmitter
is at a fixed NLOS location#8 and the receiver array is
placed at NLOS locations #4, #6, and #1, as shown in Fig.
4. For every receiver location, the four transmit antennas
are activated one after the other to virtually create the effect
of a 4x4 MIMO channel; thus it is a virtual MIMO.
The standard capacity equation (1) is employed for NT
transmit antenna based on the measured H-matrix and the
averaged received SNR of p, as an independent variable due
to the path-loss alone. I is the identity matrix. Fig. 6 depicts
the capacity plots generated from the measured H-matrix of
175
the virtual 4x4 MIMO system. Note that the H-matrices
were nornalized with its Frobenius Norm.
C=1og2 det I + HH< (1)
A plot of simulated average indoor capacities vs. SNR is
also taken from [4] to further verify accuracy of the
measured results shown in Fig. 6. The simulated plot by
Jeng-Shiann [4] is depicted in Fig. 7, where comparison of
channel capacity are made among three topologies of SISO
(1,1), SIMO (1,4), and MIMO (4,4); of particular interest is
the result of 4x4 MIMO. Notice that the shape, slope and
values are not far from our measured results. A more
convincing analysis is when our results are compared with
the results from [3], as shown in Fig. 8. A slightly lower
measured capacity of a 4x4 MIMO is observed for patch
antenna relative to monopole antenna.
In comparison with a 4x4 patch, the mean capacity at
20dB of SNR from Fig. 8 is around 19.5bits/s/Hz and the
lower and upper bound are 15bits/s/Hz and 24bits/s/Hz,
respectively. The result from our experiment shows, at
20dB of SNR, an average of about 1 8.3bits/s/Hz and a lower
and upper bound of 16bits/s/Hz and 19.7bits/s/Hz,
respectively. This result confirms the test-bed's
measurement reliability.
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Fig. 6. Measured capacity vs. SNR of a 4x4 virtual MIMO
system.
VI. CONCLUSION
A low cost 4x4 MIMO transceiver, which was realized
using commercially available of-the-shelf components, was
employed as MIMO experimental test-bed. This design is
based on direct conversion architecture with a distributed
LO from the PLL stabilized oscillator. A virtual 4x4 MIMO
channel sounder in conjunction with a calibration technique
were developed on the basis of published algorithm [3]; the
developed test-bed hardware was employed to successfully
test channel capacity using virtual MIMO. In addition, a
direction of arrival experiment was performed using a
simple Bartlett algorithm which has also additionally
verified the integrity of the test-bed hardware, calibration
and the maximum likelihood algorithm.
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Fig. 7. Simulated average capacity vs. SNR [4].
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